Background: Migraine is a prevalent and debilitating disease that may, in part, arise due to
Introduction
Migraine is a debilitating neurovascular disease that affects approximately 12% of the Caucasian population. It is characterised by nausea and vomiting, photophobia and phonophobia, and severe recurrent headache. Migraine is currently diagnosed based on criteria specified by the International Headache Society (IHS) [1] . The IHS has defined two major classes of the disease -migraine without aura (MO) and migraine with aura (MA). The two subtypes have substantial symptomatic overlap, but approximately 1 in 4 sufferers experience distinguishing neurological disturbances (the aura) that usually precedes the headache phase of an attack [1] . Susceptibility to migraine is multifactorial with variation in the clinical endpoints influenced by both genetic factors and environmental triggers.
The pathophysiology of migraine is not completely understood. For MA, a dramatic reduction in cerebral blood flow is associated with a depolarisation wave that propagates across the brain cortex (cortical spreading depression; CSD) [2] . The characteristic head pain that is common to both MA and MO may arise due to dilation of cerebral blood vessels following activation of the trigeminovascular system (TVS). The CSD can activate the TVS, providing a possible link between migraine aura and headache [3] . Therefore, biochemical factors that have the potential to disrupt vascular endothelial function and cerebral blood flow, leading to CSD and/or affecting the TVS, are candidates for involvement in migraine pathology [4] .
Homocysteine is a highly reactive amino acid and has been shown to produce endothelial cell injury in both experimental animal and cell culture studies [5, 6] . The pathophysiological consequences of homocysteine-related endothelial injury may include impaired release of nitric oxide (NO) [7] . In turn, reduced bioavailability of NO may cause abnormal reactions between the vessel wall, platelets, and macrophages [8] leading to significant alterations in neurovascular function and the coagulant properties of the blood [9, 10] . Thus, it is plausible that homocysteine-related endothelial dysfunction may be involved in the initiation and maintenance of a migraine episode. Moreover, studies have demonstrated that the firing rate of trigeminal neurons responding to pain increases with the application of D,L-homocysteic acid, a substance that mimics the effect of homocysteine, [11, 12] .
There is a large body of evidence linking mild hyperhomocysteinaemia to increase risk of atherosclerotic vascular disease [13] . Migraine sufferers, particularly those with aura, have an increased risk for vascular brain lesions and ischaemic stroke [14] [15] [16] . Whether homocysteine levels are raised in migraineurs is uncertain [17] but the CSD, which is characteristic of MA, as well as changes in cerebral blood flow and headache, can also occur during a stroke episode [18] .
Based on the comorbidity of migraine and stroke and the putative role homocysteine plays in disturbing in the cerebrovascular system, it is plausible that elevated homocysteine may be a partial determinant for the neuro and/or vascular pathophysiologies underlying both MA and stroke.
Plasma homocysteine levels can be lowered with a simple, nontoxic and inexpensive therapeutic intervention in the form of vitamin supplementation with folic acid (vitamin B 9 ), vitamin B 12 and B 6 . A meta-analysis of clinical trials has shown that folic acid supplementation can effectively reduce risk of stroke [19] . Folic acid and vitamins B12 and B 6 act to reduce homocysteine via methylenetetrahydofolate reductase (MTHFR).
A polymorphism in the Methylenetetrahydrofolate reductase gene (MTHFR C677T ) is associated with enzyme function whereby carriers of the TT genotype exhibit ~50% reduction in enzyme activity [20] . The MTHFR C677T variant has been linked to MA in multiple independent studies and a metaanalysis of 2961 migraine patients has provided convincing evidence that the TT genotype, specifically, increases disease risk [21] . Lea et al, 2008 5 Here we report the results of a clinical trial, which was designed to test the hyposthesis that supplementation with folic acid, B 6 and B 12 , reduces plasma homocysteine in migraine patients, which in turn serves to reduce migraine disability. Furthermore, we test whether the homocysteinelowering effect is dependent on MTHFR C677T genotype.
Methods

Study Design:
This was a randomised, double blind, placebo controlled clinical trial of daily vitamin supplementation on migraine disability conducted over a 6-month period. The trial was designed using the guidelines for controlled trials of drugs in migraine [22] .
Patient Groups:
The study involved Caucasian adult subjects who had been previously enrolled in migraine research at the Genomics Research Centre (GRC) at Griffith University, Australia.
Patients were included if they; were long time migraine sufferers (>20 years), had a current diagnosis of migraine with aura (>90% of their migraine attacks were associated with aura), and a 1-year history of severe, long lasting attacks (at least 4 attacks lasting more than 48 hrs), had a family history of migraine. Confirmation of migraine diagnosis was carried out by a qualified clinical neurologist (John Macmillan) using the International Headache Society (IHS) criteria [1] .
Patients were excluded if they were currently taking vitamin supplementation, were pregnant, or had been diagnosed with a clinically recognized cardiovascular or neuropsychiatric condition.
Randomization and Blinding:
Sixty patients meeting the inclusion criteria were randomized assigned into two treatment groups -placebo and vitamin. A blocked random allocation sequence was generated using Microsoft Excel. Group sizes were split 1:2 respectively, with the vitamin group (n=40) being deliberately larger then the placebo (n=20) to allow post treatment analysis stratified by C677T genotype subgroup. Specialised staff who were not involved in the study allocated and labeled treatment containers with the participants unique sequence number. Patients and primary investigators were blinded to the randomization and group allocation.
Treatment:
Patients received either VITAPOPs tablets (containing 2mg of folic acid, 25mg vitamin B 6 , and 400μg of Vitamin B12), or the placebo tablet. The vitamin and placebo tablets, produced by Blackmores®., were indistinguishable. Patients were instructed to take one tablet daily for 6 months.
Baseline Assessment: Prior to treatment all patients were assessed for migraine disability using the Migraine Disability Assessment Score (MIDAS) instrument, which provides a measure of productive days lost to migraine headache in the previous 3 months (ie. migraine disability), as well as headache frequency and pain severity [23, 24] . Patients were asked to complete a daily diary during the treatment period to record details of migraine symptoms eg. duration, frequency and severity, as well as treatment compliance. Patients were instructed to take their usual migraine treatment for acute attacks. A blood sample was collected for baseline measurement of plasma homocysteine (µmol/L), folate (nmol/L), vitamins B12 and B6 (pmol/L) concentration. A small sample of blood was taken for genomic DNA extraction from white cells.
Follow-up Assessment:
Patients were contacted after 3 months for headache diary and compliance checking. After the 6 month treatment period participants were re-assessed at the GRC clinic which included formal questioning regarding 6-month migraine history and re-collection of blood samples for measurement of homocysteine, folate, B12 and B6 concentration.
Clinical Outcome Measures:
The primary clinical outcome was migraine disability which was assessed by the MIDAS instrument. Studies have shown that this is a valid and clinically useful instrument for assessing health related quality of life in migraineurs [23, 24] . Based on the 5-question MIDAS rating patients were arbitrarily categorised into "high" and "low" disability groups by the following criteria; Low = MIDAS rating of 0-10 and High = MIDAS rating >11, whereby patients falling into the "high" category were considered to suffer severe migraine disability.
Secondary outcome variables, which are partly captured within the primary outcome, were migraine frequency and head pain severity. These were measured as number of days with headache (over a 3 month period) and a pain score (based on a scale of 1-10), respectively [23, 24] .
Predictor variables: Treatment (vitamin supplementation vs placebo) was the primary predictor variable for this study. Secondary predictor variables included plasma homocysteine level and the C677T polymorphism of the MTHFR gene, grouped by TT and CT/CC genotypes. Plasma homocysteine was measured in an Australian accredited pathology laboratory and genotyping of C677T was undertaken in GRC laboratories using previously published methods [25] .
Statistical Analysis: At baseline, group means were compared using unpaired samples T tests, medians were compared using Mann-whitney U tests and proportions compared using the chisquared test of independence. To test our primary hypothesis that vitamin supplementation reduces migraine disability we compared proportions of "high" disability migraineurs before and after 6 months in both the vitamin-treated and placebo groups. Proportion changes were compared using the chi-squared test of independence. Mean changes were compared (ie. before and after treatment) using paired samples T-tests and median changes compared using non-parametric Wilcoxin sign ranked tests for related samples. Pearson's correlation tests were used to assess relationships among biochemical variables at baseline. Where means for treatment and placebo groups were compared at 6 months post treatment unpaired samples T testing was conducted. An α level of 0.05 was set as the significance threshold and unadjusted P-values are reported. Power estimates indicated suggested that n=20 patients in each treatment group (n=40 in total) was required to detect the primary outcome variable as statistically significant at α = 0.05. patients were initially enrolled in the trial but eight patients dropped out prior to commencement because they moved interstate or otherwise could not commit to the trial (Figure 1) . The remaining 52 patients (39 females and 13 males) received full baseline assessment and commenced treatment. Lea et al, 2008 9 Thirty seven of the patients received vitamin supplementation, whilst the remainder (n=15) received the placebo. Five patients were lost to follow-up due to lack of compliance. Forty seven patients completed the trial (13 placebo:34 treatment). Table 1 shows the baseline clinical characteristics of migraine patient groups. For the total migraine group (n=52), mean folate concentration was 11.8 µmol/L, which is below the average for a general Caucasian population replete for folate (13.7 µmol/L) [26] . The mean plasma homocysteine concentration for the migraine group was 10.8 µmol/L which is above average for a general Caucasian population (8.9 µmol/L) [26] . Forty seven patients completed the trial and were re-assessed after 6 months. Treatment was well tolerated with no reports of adverse events. Treatment compliance was high with patients reporting an average of only 3 days of treatment missed over the 6 month period (range 0-12 days). Figure 2 shows the post-treatment change in plasma folate, B 12 , B 6 and homocysteine concentration in vitamin and placebo groups. At follow-up the vitamin treated group (n=34) had marked increases in folate, B 12 and B 6 concentration compared to baseline and the placebo group (P < 0.001). In the vitamin-treated group mean homocysteine reduced by 39% after 6 months (10.7 µmol/L to 6.5
Baseline analysis
µmol/L, P =0.001) compared to a 20% reduction observed for the placebo group (P >0.05). Figure 3 shows that for the vitamin-treated group the frequency of severe migraine disability decreased from 61% to 30% following 6 months of supplementation (P =0.01). The reduction in the placebo group was not statistically significant (P =0.3). Figure 4 shows the vitamin-treated group also reported a decrease in headache frequency, from a median of 4 to 1 (P =0.04), and a decrease in pain severity, from a median score 6 to 4.5 (P =0.002), whereas the placebo group reported no change (P >0.1). 
Treatment response by MTHFR C677T genotype
When the vitamin-treated group was stratified by MTHFR C677T genotype the mean homocysteine reduction was 31.4% for TT carriers compared to 47.7% for CT/CC carriers (P =0.047). For the vitamin-treated group there was a reduction in migraine disability for the CC/CT genotypes with the % of highly disabled migraineurs decreasing from 76% to 28% (P =0.002). There was no apparent reduction in migraine disability for the TT genotype (P >0.1).
Discussion
Improved health-related quality of life is a major goal of migraine therapy and has the potential to reduce the global burden of disease on individuals and society. Several mainstream pharmacotherapies exist which can successfully treat migraine symptoms (eg. selective serotonin agonists) or reduce attacks (eg. beta blockers, NSAIDs). However, current treatments are not always efficacious, are often expensive or are associated with adverse effects. Thus, safe, effective and inexpensive alternatives are desirable to combine with, or replace, current treatments. Elevated homocysteine seems to represent a modifiable risk factor for certain neurovascular-related disorders. This study examined whether folic acid and vitamin supplementation could effectively reduce plasma homocysteine and migraine disability, as well as the modifying effect of MTHFR C677T genotype on the treatment response.
Vitamin supplementation at the recommended daily dosages was well tolerated with no reports of adverse events. At baseline the migraine patients in the study had mildly elevated homocysteine on average when compared to a general Caucasian population [26] , an observation which is consistent with some, but not all, other studies of homocysteine in migraine [17, 28] . Results of our trial showed a significant treatment effect with plasma homocysteine levels dropping by and average of 4 µmol/L, an effect size which is consistent with the expectation for these dosages [27] .
The major finding of this study was that the migraine group receiving daily vitamin supplementation showed a marked reduction (2-fold) in migraine disability according to the MIDAS instrument scores. This decrease was greater overall compared to the placebo effect which was not statistically significant ( Figure 2 ). Vitamin-treated migraineurs also reported substantial decreases in headache frequency and pain severity. These results provided compelling evidence that lowering plasma homocysteine levels via folic acid coupled with B 6 and B 12 vitamin supplementation improved health-related productivity and therefore quality of life for these patients. Kopja's study involved injecting 31 patients who where experiencing a migraine attack with 15mg of folic acid. Sixty % of these patients "responded satisfactorily to the first injection" with headache disappearing after 1 hour. The remainder of the patients experienced marked reduction in migraine headache intensity. Kopjas concludes his paper by stating that "folic acid therapy may not cure migraine, but certainly deserves a high place among the therapeutic agents for treatment, because of it's safe, rapid and lasting pain relieving properties" [29] .
The TT genotype of the MTHFR C677T variant has been associated with increased risk of migraine with aura [21] . A secondary objective of this study was to assess whether the MTHFR C677T variant may represent a genetic modifier of the treatment effect. We found that C allele carriers responded better to treatment compared to TT genotypes in terms of homocysteine and migraine reduction.
This finding may be explained by the idea that TT genotypes are genetically slower homocysteine Lea et al, 2008 15 metabolisers. That is, if all patients received the same vitamin dosage for the same period of time it would be expected that those with TT genotypes, having a reduced enzymatic rate, would metabolise less homocysteine over the treatment period compared to C allele carriers, thus resulting in a smaller reduction in homocysteine and consequent migraine symptoms. Indeed, it may be that TT genotypes although having a higher risk of disease actually require a larger dosage of vitamins to exhibit the same effect as C alleles. Further clinical trials of much larger patient cohorts are required to test this hypothesis.
There is convincing epidemiological evidence indicating an association between migraine with aura and stroke [14] [15] [16] . It is possible that higher than normal levels of homocysteine, or lower tolerance at normal levels, may lead to temporary cerebral thrombosis and/or altered blood flow allowing less oxygen into the brain and manifesting the symptoms common to MA and ischaemic stroke. Whilst our study was not designed to investigate the comorbidity of migraine and stroke, our findings lead us to postulate that elevated homocysteine may represent a non-coincidental causal risk factor for both diseases and that homocysteine-lowering in early onset migraine may also influence stroke risk in later life.
Conclusions
We have provided initial evidence that homocysteine-lowering via vitamin supplementation may reduce migraine disability in a subgroup of patients. Our data suggest a larger clinical trial is warranted to establish whether vitamin supplementation including folic acid is a safe, inexpensive and effective preventative treatment for increasing the quality of life of migraineurs more generally and also whether such treatment should be based on MTHFR genotype. Lea et al, 2008 16 
